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(57) Abstract 



The invention relates to optical glass having i mp roved initial trammhtance, formed by subjecting the glass to a hydrogen and/or 
deuterium treatment at a temperature, and for a duration of time sufflciem to diffuse die hydrogen and/or deuterium into the glass. 
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METHOD OF INCREASING THE INITIAL TRANSMITTANCE 
OF OPTICAL GLASS 



FIELD OF THE INVENTION 
The invention relates to optical glass having high initial transmittance in the 
ultraviolet spectral region. This inventive glass is particularly useful as an optical 
material for optical applications in the deep ultraviolet region. 

BACKGROUND OF THE INVENTION 
In the past, it has been suggested that the resistance of fused silica to laser 
damage can be improved by treating such glass with hydrogen.. The treatments of these 
previous reports are intended to cause impregnation of high concentrations of molecular 
hydrogen into the fused silica as the degree of laser damage resistance in such samples is 
said to be related to the amount of molecular hydrogen doped into the glass. The effect 
of high concentration of the molecular hydrogen on laser damage resistance in fused 
silica is reported in numerous publications for example, in JP - Hei 6[1994]-166552; 
JP-Hei6[1994]-166528; JP-A- 1-20 1664; JP-A-6-48734; JP-A-6-24979; JP-A-6-53593; 
U.S. Pat. 5,410,428; U.S. Pat. 3,220,814; and in co-pending, co-assigned US serial no. 
08/422,104. 

If fused silica is to be used as an optical material in optical applications in the 
deep UV, the internal transmittance of the glass at the use wavelengths must be as high 
as possible. For example, in applications such as tenses for microlhhography stepper 
cameras, where the total path length in glass may be in the 20-50 cm range, an increase 
in transmittance f 0.01 %/cm is significant. 
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Accordingly, it is the object of the present invention to produce fused silica glass 
having improved initial transmittance, and to provide a method for producing such glass. 

SUMMARY OF THE INVENTION 

Briefly, the invention relates to a method of producing glass, particularly fused 
silica glass, having improved initial transmittance in the UV wavelength region. 

In one aspect, the inventive glass is produced by reacting such glass with 
hydrogen and/or deuterium. 

In another aspect, the inventive glass is produced by treating glass with hydrogen 
at such temperature and for a duration sufficient to cause the hydrogen to diffuse into 
the glass. 



BRIEF DESCRIPTION OF THE GLASS 
Figure 1 shows the subtraction spectra of the reference glass sample (untreated), 
1 S from those of two deuterium-treated samples; 

Figure 2 is a subtraction spectrum of the reference glass sample from a 
deuterium-treated sample; 

Figure 3a is a graph comparing the transmittance of an untreated synthetic fused 
silica glass, with the transmittance of samples of the same glass, treated with deuterium 
20 at350°C; 

Figure 3b is a graph comparing the absorbance spectra of the glasses of Figure 

la; 

Figure 4 is a graph comparing the infrared spectra of untreated glass with those 
of two samples treated with deuterium; 
25 Figure 5 is a graph of the change in absorbance versus the parts per million 

(ppm) by weight OD formed; and 

Figures 6a and 6b compare the absorbance spectra of untreated glass with those 
of the same glass treated after treatment with hydrogen at 600 °C 



30 



DETAILED DESCRIPTION OF THE INVENTION 
We have observed that hydrogen treatment of optica] glasses resulted in 
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increased transmittance of the glass in the UV wavelengths In order to better 
understand how initial transmittance can be affected by hydrogen, this work was then 
repeated using deuterium. Deuterium was used for the experiments to obtain 
spectroscopic evidence for the mode of action of hydrogen. 

Low UV transmittance of fused silicas can in many cases be related to the 
presence of impurity metal ions and their charge compensating non-bridging oxygen 
ions in the glass. In many cases, the transmittance is not as high as it could possibly be 
because of the presence of these metal ion impurities which may be present in the raw 
materials, or which may become entrapped in the glass from the environment during the 
manufacturing process. In silica glass, these metal ion impurities do not enter the glass 
silicon-oxygen network, but their electric charge is compensated by the occurrence of 
non-bridging oxygen ions in the silicon-oxygen network These non-bridging oxygen 
ions also contribute to absorption in the deep ultraviolet and vacuum ultraviolet spectral 
regions. Thus, the resulting structures give broad absorptions in the UV spectral range, 
thereby decreasing the glass transmittance. 

Although details of the reaction are not fuUy understood, without intending to be 
bound by theory, the following may be proposed. The decrease in UV transmittance 
may be associated with a charge transfer-type absorption between the impurity metal 
ions and their non-bridging oxygen ligands, with their energy level difference tying 
within the energy band gap of the glass. Thus, one method of improving the 
transnuttance of the glass is by reducing the charge transfer absorption between the 
metal ion impurities and the non-bridging oxygen in the glass. 

The resulting reaction with hydrogen reduces the oxidation state of the metal 
ion impurities and converts the non-bridging oxygen into SiOH groups as described by 
the following equations: 

= Si-0- + 1/2H 2 > =SiOH + e" 

W + e* — > m»-' 

where e" is an electron and NT" is an impurity metal ion such as Fe* and other transition 
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metal ions for examples. 

The increased transmittal** results because either or both (a) the lowering of the 
energy level of the OH species relative to the O and (b) the raising of the energy level of 
the reduced species of the metal impurity ion. The ability to reduce will depend on the 
specific ion in question; for example, common multi-valent ions such as Fe 3 * will be 
easier to reduce than Na + . 

The amount of hydrogen and/or deuterium that can be diffused into the glass is 
dictated by the concentration in the ambient. The uniform concentration throughout the 
sample was assured by using the results of the diffusion equation with the diffusion 
coefficient of Hj in Si0 2 given by: 

D = (5.65 x 1 0-4) exp[-10.4/RT] 
where, D=- coefficient of diffusion 

R= 1.987 x 10-3 kcal/mol °K 

T=temp, °K 

The duration of the treatment with hydrogen and/or deuterium is calculated by the 
following equation: 
t = LV4D 

where, L=thickness of the glass; and D is as defined above to assure that 90% of the 
ambient concentration was present at the midpoint of the sample. 

The required amount of hydrogen and/or deuterium will depend on the number 
of impurity ions and non-bridging oxygen ions present in the given glass. There is no 
requirement for excess molecular hydrogen and/or deuterium. 

We have found that the benefits to be derived from the present invention are 
greater for those glasses having large numbers of impurity metal ions and non-bridging 
oxygen ions, than for glasses having relatively fewer impurity metal ions and non- 
bridging oxygen ions. Since the incremental improvement in transmittance is relatively 
less for the latter, the ability to observe improvements in the transmittance of glasses 
having very few non-bridging oxygen and metal ion impurity defects, will depend on the 
sensitivity of the measuring instrument. 

Some high purity fused silica glasses contain a high concentration of =SiOH as 
a result of the glass making process employed in the production f these glasses. This 
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high initial concentration of =StOH makes it difficult to follow, spectroscopically, the 
formation of new =SiOHs resulting from the hydrogen treatment. The use of deuterium, 
however, makes it possible to determine the amount of =SK)D formed through the 
process. Increases in =SiOD can then be correlated to improvements in UV 
transmittance. 

In order to make the estimate of SiOD concentration as quantitative as the 
estimate of SiOH, the following procedure can be performed. The absorption peak 
assigned to molecular deuterium, D 2 is located at 2975 cm' 1 . We have previously found 
that molecular hydrogen can be identified in the infrared when it is in sufficiently high 
concentrations, at 4136 cm-1. Using a theoretical isotope substitution ratio of 1.39, D 2 
should come at 2975 cm-1 . Referring to Figure 1, for example, Example 1, this peak is 
found: The extinction coefficient of D 2 is estimated to be that of H2, ~ 0.26 liters/mole 
cm, giving a final concentration of D 2 in Example 3 as approximately 2.3 x 10" 
molecules / cc Si02. From the previous work, hydrogen concentration at this loading 
pressure is calculated to be 2.8 XI 0" molecules / cc Si02. This excellent agreement 
suggests that the use of the SiOH extinction coefficients for estimating SiOD 
concentration is justified. 

A thermal scrambling of D for H by the reaction 

=SiOH + D2 > =SiOD + HD 

can be ruled out as the source of =SiOD formed. This is determined by subtracting the 
overtone band of =SiOH (4520 cm-1) in the reference sample from the same band in the 
deuterated samples. This is illustrated in Figure 2 . As shown, there is no change in 
=SiOH concentration with high pressure deuterium treatment. The =SiOD found in the 
IR experiment can then be related to the reaction of D2 with non-bridging oxygens, the 
result of which is seen in increased UV transmittance. 

We have found that increases in initial transmittance (T 0 ) are observed, for the 
most part, only when the glass has relatively low transmittance to begin with. The 
following examples were carried out using essentially 100% hydrogen and deuterium 
gases. However, suitable mixtures f hydrogen and inert gases such as arg nor 
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nitrogen, for example, 4% hydrogen and 96 % nitrogen, may also be used. Other 
gaseous reducing agents such as carbon monoxide can also be used. Hydrogen and 
deuterium have the advantage that they can more readily be diffused into the glass to 
produce the desired reactions. 



EXAMPLES 

The examples below verify the improvement of tnmsmittance by hydrogen 
treatment and also describe the mechanism by which this improvement is achieved. 

EMmpfc . l : In order to verify the improvement of initial transmhtance by high 
pressure hydrogen treatment, two pieces of 1 X 1 .5 X 2 cm fused silica containing about 
900 ppm of OH were deuterium treated at 90 atm, and 350 °C, for 24 days. UV 
spectra, IR spectra and IR spectral subtractions were then obtained for the deuterium- 
treated samples (Tl and T2), and compared with those of the untreated sample (Rl). 

Figure 3a shows the UV transmhtance spectra of untreated glass and for the two 
deuterium treated samples, Tl and T2, from 180 to 220 ran. The spectra were 
normalized to give 100% transmittance at 220 nm. The transmittance of each sample at 
193 nm were 0.9262 for reference sample Rl, 0.9363 for the first deuterium-treated 
sample Tl, and 0.9397 for the second deuterium-treated sample, T2. From the UV 
curves and from the transmittance numbers it is seen that there is a small but measurable 
improvement in transrnittance in the UV after deuterium treatment. Figure 3b show the 
spectra for all three samples in absorbance. As shown, the initial absorbance of the 
reference sample Rl was 0.0329, compared to 0.0284 and 0.0269 for deuterium-treated 
samples Tl and T2 respectively. 

Figure 4 shows the infrared spectra from 5000 to 2000 cm-1 of the two 
deuterated samples and a reference glass (Rl). For all the samples, the peak at high 
wavenumbers (-4520 cm- 1 ) can be attributed to an overtone of an OH and =SiOH 
combination band. The strong band at about 3600 cm-1 is the =SiOH stretch, typically 
used for determination of OH concentration. The band at 4520 cm-1 can also be used to 
calculate SiOH in thick samples or samples with high OH content. 
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The subtractions of the untreated reference glass from the deuterium treated 
glasses from 3200 to 2500 cm-l are shown in Figure 1 . The subtraction spectra clearly 
show the presence of a peak at 2720 cm- 1 . This peak is attributed to SiOD which is the 
result from the deuterium treatment of the glasses, by the reaction described above. The 
shift, at 2720 cm-l, agrees well with what would be expected from isotopic substitution 
ofHforD. 

It is seen that the sample that exhibits a greater increase in initial UV 
transmittance also has more SiOD (sample T2). A plot of =SiOD vs. change in 
absorbance for the three samples is presented in Figure 5. The line shows a modest 
agreement of SiOD formation with increased UV transmittance. 

The results of the increased traiismrttance with formation of SiOD are in 
accordance with the observation that glass having poor initial transmittance benefits 
more from hydrogen treatment than does glass having high initial transmittance. 

Example^: Hydrogen/deuterium impregnation effused siJica samples was 
carried out, at 600°C, 1 atm, for 48 hours. This time was chosen in accordance with the 
diffusion equation for hydrogen in silica at 600" C for a 1 cm thick piece Vacuum UV 
spectra (Figures 6a and 6b), recorded before and after the low pressure hydrogen 
treatment show a significant increase in initial transmittance as a result of the treatment. 
As in Example 1 and Figures 1 through 5, we have again shown that initial transmittance 
is improved by hydrogen treatment. This result shows that high pressure hydrogen 
treatment is not necessary in order to improve initial UV transmittance in fused silica. 

Also, in this example, samples of Coming glass codes 7940 and 7980 were 
subjected to 600° C, 48 hours, 1 atm hydrogen treatment. Table 1 compares the 
transmittance/cm of the glasses at 210 nm and 248 nm before and after this hydrogen 
treatment. 
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Transmittance/cm before and after hydrogen 




210 nm 


748 nm 

A.*tO III] J 


\9mnlA 

Sample 


Before/After 




1 

I 


86.7/90.0 


90.0/91.7 


2 


79.5/89.9 


84.5/91.4 


3 


80.1/90.2 


86.4/91.9 


4 


89.7/90.4 


91.4/92.0 


5 


86.6/89.3 


90.2/91.4 


6 


82.0/88.7 


88.0/91.4 


7 


81.5/87.3 


88.6/91.6 


8 


84.4/86.9 


88.3/89.7 



EramPto 1 In this example, silica was made by the densification of a powder 
precursor and subsequently treated in hydrogen at 600°C as above. The ultraviolet 
tranamttanceofthe glass was measured before and after hydrogen treatment. 
Traisrmttance/cm and hydroxyl content, as determined by infrared, of the sample before 
and after hydrogen treatment are shown in Table 2 below. 

Table 2. Transmittance and OH of powder process glass. 

210 nm 248 mn OH (wt, ppm) 
Before 70.9 82.1 <i 

After 76.0 88.9 4 

The present invention can be applied to any glass intended for use in the 
ultraviolet range to improve the initial transmittance. In our preferred embodiment, the 
method is applied to fused silica produced from silicon tetrachloride or a halide-free 
polymethylsiloxane. Preferred polymethylsiloxanes include, hexamethyldisiJoxane, 
polymethylcyclosUoxane, and mixtures of these. In one particularly useful embodiment, 
the fused silica is made from a porymethylcyclosiloxane such as, octamethylcyclotetra- 
sfloxane, decamethylcylcopentasiloxarte, hexamethylcyclotrisiloxane, and mixtures of 
these. 

In addition to the embodiments discussed above, it will be clear to persons 
skilled in the art that numerous modifications and changes can be made to the above 
invention without departing from hs intended spirit and scope. 
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CLAIMS: 

1 Method of improving the transmittance of optical glass by treating the optical 
glass with a gas selected from the group consisting of hydrogen and deuterium. 

2. The method of claim 1, wherein the transmittance is improved by subjecting the 
optical glass to the gas at a temperature and for a durabon sufficient to cause the gas to 
difluse into the optical glass. 

3- The method of claim 1, wherein the gas is hydrogen. 

4- The method of claim 3, wherein the optical glass is 1 cm in thickness and is 
subjected to hydrogen at a temperature of 600 and for duration of 48 hours. 

5. The method of claim 3, wherein the optical glass is subjected to hydrogen at a 
pressure of 90 atm and a temperature of 350 °C. 

6 The method of claim 1, wherein the optical glass is fused silica. 

7. The method of claim 6, wherein the fused silica is formed from SiCl, 

8 Tte method of claim 6, wherein the fused silica is formed from a halide-free 
polymetbyisiloxane. 

9 The method of claim 8, wherein the polymethylsiloxane is selected from 
hexamethyldisiloxane, porymethylcyclosiloxane, and mixtures of these 

10. The method of claim 9, wherein the polvmethylcyclosiloxane is selected from the 
group consisting of ottamethylcyclotetrasiloxane, decametrrylcylcopentasiloxane, 
hexamethylcydotrisiloxane, and mixtures of these. 
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II. The method of claim I , wherein the optical glass comprises metal ion impurities 
and non-bridging oxygens. 



12. The method of claim 1 1, wherein the metal ion impurities comprise transition 
metal ions. 



1 3 The method of claim 1 2, wherein the transition metal is 



iron. 



14. The method of claim 1 1, wherein the optica] glass is further characterized by , 
charge transfer absorption between the metal ion impurities and the non-bridging 
oxygen. 



1 5 . The method of claim 14, wherein the transmittance is improved by reducing said 
charge transfer absorption. 



4 
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